Introduction
Hybrid organic-inorganic perovskites have attracted rapidly increasing interest as material for solar energy conversion, as they are the first class of solution-processable semiconductors that can lead to solar cell efficiencies comparable to crystalline silicon solar cells. [1] From 2009 to 2015, the energy conversion efficiency of perovskite solar cells could be raised from 3.8% to over 20% by optimizing film deposition techniques, device architectures, and material compositions. [2] [3] [4] [5] Despite the tremendous achievements in device performance, further number of publications investigated the impact of crystal surfaces and grain boundaries on trap state formation in organicinorganic perovskites. Although DFT simulations predict bulklike delocalized states at crystal surfaces and shallow trap states at grain boundaries, [9, 22, 23] experimental findings lead to contradictory conclusions. In case of CH 3 NH 3 PbI 3 films, scanning Kelvin probe measurements reveals only small potential differences of around 15 meV between grains and grain boundaries, [24] while photoluminescence (PL) maps show a PL intensity drop of 65% at grain boundaries, associated with an increased density of deep trap states. [25] However, also for single crystals of CH 3 NH 3 PbI 3 the presence of trap states at plain crystal surfaces has been suggested, as Kelvin probe measurements reveal a Fermi level shift of 120 meV at the crystal surface compared to the bulk. [26] Likewise, improved solar cell performance and reduced hysteresis by surface passivation of perovskite films with electron-rich molecules like thiophene, pyridine, or [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) derivatives highlight the presence of charged surface defects. [27] [28] [29] Although these experimental findings indicate the presence of surface trap states for organic-inorganic perovskites, many questions related to their exact nature and their interaction with photoexcited states remain unclear.
In this work, we aim to contribute to a better understanding of the impact of the CH 3 NH 3 PbI 3 crystal surface on the photoexcitation landscape and the dynamics of photoexcited states. As a model system for surface effects, we investigate submicrometer sized CH 3 NH 3 PbI 3 single crystals with different surface passivation. [30] Intensity-and time-resolved photoluminescence measurements are performed at different temperatures to study the impact of surface states on free charge carriers at room temperature, as well as on Wannier-Mott excitons at low temperatures. [31, 32] We identify charged surface trap states leading to increased nonradiative recombination rates and reduced PL lifetimes at room temperature and to bound excitons at low temperatures. Using time-resolved photoluminescence spectroscopy, we observe the trapping process of free excitons, forming bound excitons on a time-scale of tens of picoseconds. A comparison of surface passivation molecules based on either electron-rich hexylthiophenes or isolating alkyl chain reveals reduced trap state densities and energies in case of surface modification with hexylthiophene, indicating the presence of positively charged defects at the crystal surface.
Results and Discussion

Surface Modified CH 3 NH 3 PbI 3 Crystals
Single-crystalline CH 3 NH 3 PbI 3 cuboids with dimensions of around 500-1000 nm (see Figure 1 and Figure S1 , Supporting Information) were synthesized using a particle growth method based on the single source precursor CH 3 NH 3 PbI 3 TEG 2 as described in Section 4. [30] A high surface-to-volume ratio due to their submicrometer size, as well as a low bulk trap state density makes these single crystals an ideal model system to study the impact of the crystal surface on photoexcited states. The crystals are surface passivated by organic molecules that + head and functional end group. The NH 3 + head group attaches to the crystal surface at the A site of the ABX 3 structure.
(3 of 9) 1604995 consist of a NH 3 + head group and a functional end group. During particle growth, these passivation molecules attach to the A site of the ABX 3 perovskite structure by ionic interactions and hydrogen bonding of the NH 3 + head group. [33, 34] To evaluate the nature of surface states and the effectiveness of their passivation, two different functional end groups are applied, which are either formed by an isolating alkyl chain (C 12 H 25 ) or by a conjugated hexylthiophene (C 11 H 17 S) possessing a high electron density at its sulfur atom. These cuboids will be called alkyl chain cuboids and hexylthiophene cuboids in the following. For their surface passivation, the surfactants dodecylammonium iodide and (4-hexylthiophen-2-yl)methylammonium iodide were applied during particle growth, respectively. As the surface molecules not only vary in their electronic properties, but also in their steric structure, different attachment modes of the molecules to the crystal surface are observed. Scanning electron microscopy (SEM) images displayed in Figure 1 and Figure S1 in the Supporting Information reveal slightly rod-liked structures for some hexylthiophene cuboids that deviate from the highly cubic structures of the alkyl chain cuboids. Likewise, X-ray diffraction (XRD) measurements presented in Figure S2 (Supporting Information) indicate a small variation in the aspect ratio of crystal directions caused by the different surface modifications. These differences can be explained by the bulky size of the hexylthiophene causing a favored linkage to the [100] and [010] crystal direction of the perovskite crystal, due to the tetragonal distortion that leads to a larger opening angle of the stretched inorganic octahedron at this crystal direction. [35] In contrast, the straight alkyl chain is well known to have a favorite attachment in the [001] crystal direction. This facet-selective attachment of linker molecules to different CH 3 NH 3 PbI 3 crystal directions and its impact on the crystalline shape have already been reported for similar submicrometer sized particles passivated by alkyl chains and will be discussed in detail for surface passivation with hexylthiophene elsewhere. [30] The different steric demands of the passivation molecules also influence the surface coverage of functionalization, as NMR studies of dissolved cuboids reveal a reduction in surface coverage for hexylthiophene cuboids by a factor of 10 compared to the alkyl chain cuboids (see Figure S3 , Supporting Information). This dual influence of surface passivation on both the electronic and crystallographic surface landscape will be considered in the following study. Additionally, particles without a selective surface passivation (preparation described in Section 4) are included in the study as well, which were synthesized according to the same procedure but without additional surface ligands. These particles will be called unpassivated particles in the following. The absence of surface passivation molecules during crystal growth results in poly-crystalline particles with uncontrolled geometry. This comparison of unpassivated particles to passivated cuboids allows to compare intrinsic and modified crystal surfaces. Figure 2 shows the absorbance and PL measured at 295 K, which we account to the radiative band-to-band transition of electrons and holes. Although the exact nature of initially excited states in organic-inorganic perovskites is still under debate, [31, 36] recent reports support the notion of free charge carriers at room temperature and dominant Wannier-Mott type excitons at low temperatures based on exciton binding energies determined to be below 10 meV at room temperature and 16-30 meV at low temperatures. [37] [38] [39] Figure 2a displays relatively similar absorbance and PL spectra at 295 K for the different particles. However, the PL decays presented in Figure 2b show an increased decay rate for the unpassivated particles. This reduced PL lifetime is caused by increased nonradiative trap state recombination due to a higher trap state density either in the bulk of the polycrystalline particles or at their crystal surface. [11] However, the PL lifetime also differs between the different surface passivation molecules of the single-crystalline cuboids, with a reduced PL lifetime in case of isolating surface passivation. As the alkyl chain cuboids and the hexylthiophene cuboids only differ in their surface properties, a higher density of surface trap states can be concluded for the alkyl chain cuboids, leading to enhanced nonradiative recombination and shorter PL lifetimes. The varying impact of passivation molecules on surface states is further supported by the dependency of the total PL intensity on temperature, displayed in Figure 2c . Here, thermally activated quenching processes reduce the PL intensity for organic-inorganic perovskites with increasing temperature. [40, 41] The relation between the PL intensityIon temperature can be described as follows [42] 
Room Temperature Photoluminescence
with a PL intensity I 0 at zero temperature, an activation energy E a for thermally induced exciton dissociation, and an activation energy E b for nonradiative recombination processes caused by electron-phonon interactions. Assuming an efficiency of 100% for radiative emission at 10 K, the PL intensity decreases from 10 to 295 K to 1.9% and 2.7% for the unpassivated particles and the alkyl chain cuboids, respectively. In case of the hexylthiophene cuboids, thermally induced nonradiative recombination pathways are significantly reduced, leading to a noticeably higher radiative efficiency of 12.8% at 295 K. As we do not assume a significant change in the exciton binding energy E a for the different particles, these differences in PL intensity are more likely due to variations in the activation energy E b for interactions between photoexcited states and phonons. Based on the significant decrease in nonradiative recombination pathways compared to the alkyl chain cuboids, this indicates reduced lattice interaction and hence less surface lattice distortions for the hexylthiophene cuboids. We want to note that the peak in PL intensity around the phase transition at 165 K occurs reproducibly for all particles (Figure 2c ). Similar amplification of the PL emission around the orthorhombic-tetragonal phase transition has also been reported for CH 3 NH 3 PbI 3 films, yet its physical origin, e.g., a coexistence of the two phases, is still under debate. [43] [44] [45] 
Low Temperature Photoluminescence Spectra
The PL spectra at temperatures below 100 K possess multiple emission peaks for all particles (see Figure 3a-d) , whereas two different mechanisms have been reported for their physical origin. [40, 41, [46] [47] [48] [49] In both proposed mechanisms the high energy emission peak is addressed to free excitons (FEs) in the orthogonal phase. While one mechanism assigns the lower energy peak to remaining inclusions of the tetragonal phase with a narrower bandgap compared to the orthorhombic phase, [36, 41, [46] [47] [48] the other mechanism describes the formation of bound excitons (BEs) that are localized at trap states. [40, 49] Phuong et al. assume that tetragonal inclusions are caused by strain imposed on grain boundaries in polycrystalline CH 3 NH 3 PbI 3 films. It is therefore followed that this two-phase coexistence is not apparent in CH 3 NH 3 PbI 3 single crystals. [36] As the CH 3 NH 3 PbI 3 cuboids investigated here do not exhibit grain boundaries, we assign the occurrence of multiple emission peaks to FE and BE according to the study by Fang et al. on (CH 3 NH 3 )PbI 3 single crystals. [40] The formation of bound excitons at temperatures below 100 K is supported by significant variation in the PL peak ratio for the different particles in Figure 3a -d. Especially in case of the alkyl chain and hexylthiophene cuboids, which only differ in their surface properties, we do not expect differences in the phase transition process, but rather in surface trap state density. Furthermore, we want to note that the lower energy PL peak of the particles studied here increases with decreasing temperature, which opposes the decrease of tetragonal inclusions with decreasing temperature observed for CH 3 NH 3 PbI 3 films. [50] For inorganic semiconductors like doped silicon, PL from BE has already been studied extensively. [51] Thereby, excitons lose their kinetic energy owing to localization at trap states and the binding energy of the resulting BE equals the energy difference between the PL emission peaks of FE and BE. Compared to the single-crystalline cuboids, the unpassivated particles have a more pronounced lower energy peak for all temperatures between 25 and 100 K, revealing an increased number of BE. In case of the cuboids, both PL spectra show similar and overall higher ratios of FE to BE at 100 K. With decreasing temperature, however, the BE peak of the alkyl chain cuboids constantly increases and the PL spectrum approaches the spectrum of the unpassivated particles at 25 K. For better comparison, the PL spectra were fitted with three Gaussian curves, one for the high energy peak FE and two for the lower energy peak of BE (BE1 and BE2), as exemplarily presented in Figure S4 (Supporting Information). The origin of the two lower energy peaks as trap state mediated BE has been clarified by Fang et al. by excitation intensity dependent PL measurements. [40] The evolution of the peak ratio FE/(BE1 + BE2) as a function of temperature is shown in Figure S5a (Supporting Information). A decrease in temperature leads to an increased trapping of excitons and formation of BE due to lacking energy of the surrounding thermal bath. Hence, the relation between BE population and temperature depends on the density and the energetic distribution of trap states.
To evaluate differences in the trap state density, excitation intensity dependent PL measurements are performed. Due to the limited number of trap states, an increase in excitation intensity will lead to a filling of trap states and an increasing amount of free photoexcited states upon a threshold intensity. As shown in Figure 3d -f, an increase in excitation intensity only leads to a small increase of FE for the unpassivated particles, which supports their higher trap state density discussed above. In case of the single-crystalline cuboids, the same intensity increase causes a significantly stronger rise of the FE peak, leading to a continuous increase of the FE/(BE1 + BE2) peak ratio with increasing excitation intensity for the alkyl chain cuboids, and a quick saturation for the hexylthiophene cuboids already at low excitation intensities. This intensity saturation effect reveals a further reduced trap state density for surface passivation with hexylthiophene compared to modification with isolating alkyl chains. We want to note that all excitation intensity dependent effects were instantaneous and reversible.
To study differences in the energetic distribution of trap states, the temperature evolution of the PL peak position is evaluated (see Figure S5b , Supporting Information). For all particles, similar FE peak positions prove the independency of FE energy from the surrounding trap state environment. We therefore conclude that FEs are mobile and gain additional energy with higher temperature due to interaction with the surrounding thermal bath. In case of unpassivated particles and alkyl chain cuboids, the higher energy peak BE1 features a similar energy increase with increasing temperature and approaches the energetically higher BE1 peak position of the hexylthiophene cuboids only at 100 K. At 25 K, the BE1 peak is blueshifted by 40 meV. The lower energy peak BE2, however, is for all particles rather independent of temperature between 25 and 100 K, reflecting highly immobile and deeply trapped excitons. Again, for the hexylthiophene cuboids the BE2 peak position is blueshifted by 28 meV at 25 K. The blueshifted PL peaks for hexylthiophene surface passivation indicate reduced BE binding energies and likewise reduced trap state energies. For alkyl chain cuboids and unpassivated particles, on the other hand, similar trap state energies can be concluded due to their identical PL peak positions. The similarity in trap state energy of alkyl chain cuboids and unpassivated particles, in combination with the lower trap state density of the alkyl chain cuboids compared to the unpassivated particles, agree well with the temperature evolution of the PL spectra presented in Figure 3a -d. Based on the analogous trap state energies, the same nature of trap states can be assumed for none and isolating surface passivation. By contrast, the reduced density and energy of these surface trap states for hexylthiophene cuboids confirm the superior trap state passivation by hexylthiophenes. These findings are consistent with our measurements at room temperature and indicate a correlation of trap state properties between tetragonal and orthorhombic crystal phases.
Low Temperature Photoluminescence Decays
Time-resolved PL measurements are evaluated to study exciton dynamics and interactions between free and bound excitons at low temperatures. Figure 4d -f presents the PL spectra detected at different delay times after photoexcitation. Initial states corresponding to the fast decay component are of higher energy, followed by continuously redshifting states with significantly longer lifetimes. Due to the differences in peak position and lifetime, we assign the initially emitting high energy states to FE and the long-lived, lower energy states to BE. Consistent to the PL spectra presented in Figure 3 , the relative population of BE is higher for the unpassivated particles, while for the cuboids fast decaying FEs are more pronounced. The dynamic interaction between FE and BE will be analyzed in more detail below ( Figure 5) . Similar long PL lifetimes of BE of up to 5 μs have already been observed for CH 3 NH 3 PbI 3 single-crystals at 5 K and have been attributed to bound triplet excitons. [40] Apart from that, the significant difference in lifetime of FE and BE can be related to an efficient capturing of FE due to large radii of free Wannier-Mott excitons and resulting large capture cross section of trap states. Furthermore, a "giant oscillator strength" has been characterized for BE in inorganic semiconductors, [52] which might also contribute to efficient luminescence of BE in organic-inorganic perovskites.
An energy shift of around 40 meV takes place during the PL decay for all particles, which displays the energy difference of free and bound excitons at 10 K. However, the dynamics of this temporal PL peak shift differ between the different particles. In case of the cuboids the major part of the PL shift takes place within the first 500 ns, while for the unpassivated particles the energy shift evolves continuously during the whole PL lifetime of >15 μs. This continuous redshift of the PL spectra reveals that excitons in the unpassivated particles interact with a broader energy distribution of trap states, while for the singlecrystalline cuboids excitons are affected by a smaller distribution of trap states. We therefore assign the single-crystalline cuboids a spatial restriction of trap states to the crystal surface and a high crystallinity within the crystal bulk.
To investigate the initial decay dynamics in more detail, timeresolved PL measurements are performed with enhanced time resolution on a smaller time range of 2 ns ( Figure 5 ). These measurements are performed at 50 K, where the FE and BE PL peaks are more distinct. We want to note that due to instrumental limitations, these measurements were done with a repetition rate of 76 MHz leading to a build-up of photoexcited states with lifetimes longer than 13 ns. Although this build-up might impact the PL decay on longer time-scales, we expect the initial dynamics after photoexcitation to be less affected. The dynamics of the FE emission are characterized by a fast initial decay component with a decay time of around 50 ps for all particles (Figure 5a-c) . For excitation densities above 10 11 photons per cm 2 an initial rise in PL intensity can be resolved for the BE peak, which can be fitted by a mono exponential rise function with a time constant of around 60 ps (Figure 5d,e) . The similarity of time constants of the FE decay and the BE rise indicates an energy transfer from FE to BE by exciton trapping on a time-scale of tens of picoseconds. We further note that a comparable energy transfer mechanism from majority to minority species has been observed for tetragonal inclusions in CH 3 NH 3 PbI 3 films. [36, 50] , fitted with a biexponential decay function for FE and an exponential rise function for BE dynamics.
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Discussion of the Origin of Surface Trap States
The PL measurements reveal a reduction of trap state energy and density as well as reduced lattice distortion for surface passivation of CH 3 NH 3 PbI 3 cuboids with hexylthiophene. In contrast, surface modification with isolating alkyl chains proves to be not or much less efficient for passivation of trap states. As alkyl chain and hexylthiophene cuboids are both single-crystalline, the origin of the different trap state properties is located of the crystal surface rather than the bulk. Furthermore, low temperature PL measurements revealed identical PL peak positions of bound excitons, indicating similar trap state energies, for unpassivated particles and alkyl chain cuboids, which vary significantly in surface structure, crystallinity, and surface/volume ratio and only share a nonexistent or isolating surface passivation. Consequently, a similar origin of trap states can be assumed for unpassivated particles and alkyl chain cuboids. We therefore propose that passivation by electron-rich hexylthiophenes significantly manipulates trap state properties at the crystal surface by donating electron density to positively charged defects. This is not possible for surface passivation with isolating alkyl chains. A likely origin of these positively charged trap states is iodide vacancies at the crystal surface, as illustrated in Figure 6 . The presence of positively charged surface trap states has also been proposed by Noel et al. and deQuilettes et al., who could significantly reduce nonradiative recombination and enhance solar cell performances by postdeposition of Lewis bases on CH 3 NH 3 PbI 3 films. [27, 53] Similarly, PCBM-based surface treatments or aminofunctionalized electron transport layers have been applied to neutralize positively charged surface defects, improving solar cell performance and reducing the hysteresis effect. [29, 54] Despite their lower surface coverage, the successful trap state passivation of hexylthiophene cuboids demonstrates the effectiveness of passivation by electron-rich surface molecules.
Furthermore, we want to note that the facet-dependent attachment of hexylthiophene could support a more efficient trap state reduction based on a recently reported facetdependent density of trap states. [55] The rod-like structure of the hexylthiophene cuboids might reduce the relative surface area of crystal facets possessing a higher trap state density. Likewise, it cannot be excluded that the crystal direction that is preferentially passivated by hexylthiophenes has an enhanced trap state density, enabling a more efficient passivation of surface trap states by hexylthiophenes.
Conclusion
With our model system, consisting of differently surfacepassivated single-crystalline perovskite cuboids offering high surface-to-volume ratio, we could investigate in detail the effect of surface passivation through isolating alkyl and hexylthiophene units. The impact of different crystal surface properties of CH 3 NH 3 PbI 3 particles on photoexcited states at room temperature and at low temperatures has been investigated by PL measurements. Comparison of surface passivation by electron-rich hexylthiophenes and isolating alkyl chains revealed the presence of positively charged trap states at the crystal surface. The energy and density of these surface trap states can be reduced by surface passivation with hexylthiophenes, while an isolating surface passivation leads to similar trap state energies as for unpassivated surfaces. Hence, we suggest that iodide vacancies, resulting in coordinative unsaturated lead, exist at the crystal surface of CH 3 NH 3 PbI 3, which act as electron traps. Yet, to further understand the impact of facet-dependent trap state passivation, the relation of crystal facets and trap state densities requires further investigation.
At room temperature, the identified surface trap states reduce the PL lifetime, increase nonradiative recombination rates, and cause surface lattice distortions. At lower temperatures, multiple PL peaks are identified to originate from bound and free excitons, whose relative population depends on the trap state properties of the particles. A fast initial PL decay component of free excitons is identified to be caused by exciton trapping on a time-scale of tens of picoseconds at 50 K, resulting in bound excitons with lifetimes of up to several microseconds at 10 K. As these surface trap states cause increased nonradiative recombination at room temperature, they are expected to cause losses in solar cell performance. Methods to passivate perovskite surfaces in solar cells are under current investigation, including a careful design of passivation molecules to efficiently neutralize specific crystal defects and solvent-free surface passivation strategies for solar cell fabrication. 
Experimental Section
Material Preparation: The synthesis of functionalized and unpassivated CH 3 NH 3 PbI 3 particles from the single source precursor CH 3 NH 3 PbI 3 TEG 2 (TEG = Triethylene glycol) is published elsewhere. [30] A detailed synthesis protocol for the presented samples can be extracted from the Supporting Information. Briefly, the liquid CH 3 NH 3 PbI 3 TEG 2 was injected at 30 °C under vigorous stirring in a solution of CH 2 Cl 2 containing the desired capping agent. The crystallization of CH 3 NH 3 PbI 3 was induced over time (10-15 min) by selectively removing the TEG molecules. It should be mentioned that we observed a residue of TEG molecules adsorbed on the surface of all CH 3 NH 3 PbI 3 particles after the workup (see Figure S3 , Supporting Information). As all particles had the same TEG on their surface and the amount of residual TEG disagreed with the trend in the density of trap states, we concluded that TEG had no influence on the observed differences in depth and density of trap states. For surface passivation, the surfactants (4-hexylthiophen-2-yl)methylammonium iodide and dodecylammonium iodide had been used for hexylthiophene and alkyl chain cuboids, respectively. Silicon substrates were cleaned consecutively in detergent, acetone, and isopropanol for 5 min, followed by N 2 drying. Subsequently, the substrates were transferred to a N 2 filled glovebox with moisture and oxygen levels both below 5 ppm, where the CH 3 NH 3 PbI 3 particles were dispersed in water-free chlorobenzene and dropcasted slowly at 60 °C on a hotplate.
Optical Spectroscopy: UV/Vis measurements were performed with an Agilent Cary 5000 UV-Vis-NIR spectrometer equipped with an integrating sphere. For PL measurements, samples were excited with 400 nm pulses at a repetition rate of 50 kHz (76 MHz for synchroscan measurements), generated by the second harmonic of a Ti:Sapphire laser (Mira 900, Coherent). An excitation density of 1.5 × 10 13 photons per cm 2 was applied, if not otherwise noted. The excitation intensity was controlled by a neutral density filter. Samples were measured in vacuum in a continuous flow cryostat (Janis Research Company). The PL signal was detected by a Hamamatsu streak camera, which was equipped with a single sweep unit for long time ranges and with a synchroscan unit for time ranges <2 ns. For PL spectra displayed without time-resolution, full PL decays were measured with the single sweep unit and PL spectra were integrated over time. Spectral and shading corrections were applied using reference measurements with a calibrated light source. The instrument response function depended on the investigated time range and was around 12 ps for synchroscan and several nanoseconds for single sweep measurements. Low temperature measurements were done by stepwise increasing the temperature from low to high temperatures. At each temperature the sample was kept for 15 min before measuring.
Fitting and Data Analysis for Optical Measurements: PL spectra were fitted with three Gaussian functions. PL decays at 10 K were fitted using exponential functions of the form 
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